Abstract Rootless cones result from the explosive interaction between lava flows and underlying water-saturated sediment or volcaniclastic deposits. Rootless explosions can represent a significant far-field hazard during basaltic eruptions, but there are few detailed studies of their deposits. A rootless cone field in the 8.5 Ma Ice Harbor flow field of the Columbia River Basalt Province, NW USA, is revealed by sections through rootless conduit and cone structures. The Ice Harbor lava flow hosting the rootless cones was emplaced across a floodplain or lacustrine environment that had recently been mantled by a layer of silicic volcanic ash from a major explosive eruption. Our observations indicate a two-stage growth model for the rootless cones: (1) initial explosions generated sediment-rich tephra emplaced by fallout and pyroclastic density currents and (2) later weaker explosions that generated spatter-rich fountains. Variable explosive activity resulted in a wide range of pyroclast morphologies and vesicularities. Cross-sections through funnel-shaped conduits also show how the conduits were constructed and stabilised. The growth model is consistent with decreasing water availability with time, as inferred for rootless cones described in Iceland. The Ice Harbor rootless cones provide further lithological data to help distinguish between rootless cone-derived tephra and tephra generated above an erupting dyke.
Introduction
Explosive interaction between water-logged sediments (or volcaniclastic deposits) and molten lava can result in the formation of rootless cones, also known as 'pseudocraters' ( Fig. 1 ; Thorarinsson 1953) . Rootless cones are present within flow fields where the lava advanced over lacustrine, marsh and fluvial environments (Fagents and Thordarson 2007; Hamilton et al. 2010a, b) . Explosions are driven by the interaction of molten lava with a water-saturated, unconsolidated substrate. Explosions initiated by interaction of molten lava with substrate pore water eject clasts composed of lava crust, disrupted liquid lava and substrate-derived sediment onto a stationary surface of an active lava flow, thereby building a cone. Similar rootless edifices, known as littoral cones, form when lava flows interact with seawater in a littoral environment (Moore and Ault 1965; Fisher 1968; Jurado-Chichay et al. 1996; Mattox and Mangan 1997; Jaeger et al. 2007 ). Rootless cone-like structures have also been observed on the surface of Mars near the Martian equator (Lanagan et al. 2001; Bruno et al. 2004; Fagents and Thordarson 2007; Hamilton et al. 2010a ) and have been used to infer the former presence of fluids in the Martian substrate.
Two models for rootless eruptions have been proposed, one assuming static heat transfer and the other inferring dynamic heat transfer. The static heat transfer model infers rapid emplacement of lava above a water-logged substrate. Water trapped beneath the lava flow is converted to steam producing Editorial responsibility: P-S Ross eruptions that are analogous to phreatic explosions (Thorarinsson 1951 (Thorarinsson , 1953 .
In contrast, the dynamic heat transfer model of Fagents and Thordarson (2007) argues that the explosive interactions are driven by physical (dynamic) mixing of the lava and the water-logged substrate. The model is based on observations that sediment from the substrate is physically mixed into the rootless cone deposits and found between the core and the rim in armoured bombs. Furthermore, the cones feature multiple layers of tephra, which increase upwards in grain size from coarse ash/fine lapilli to bomb-size clasts (Fagents and Thordarson 2007; Hamilton et al. 2010a) . The presence of layering implies sustained eruptions (estimated to have lasted for hours to days; Thordarson and Höskuldsson 2008) maintained by quasi-steady input of molten lava to the explosion site.
During rootless cone activity on pāhoehoe lavas, initial sedimentation occurs from explosions that produce pyroclastic density currents (PDCs) that deposit broad, sheet-like platform deposits around the vent (Hamilton et al. 2010a) . Later tephra jets and lava fountains deposit lapilli-to bomb-sized scoria and spatter that build a cone Fagents and Thordarson 2007; Hamilton et al. 2010a) . The deposits of rootless activity are usually unconsolidated, except in proximal regions (Hamilton et al. 2010a) . Rootless cones vary from 1 to 40 m in height and 2-450 m in basal diameter. The cones are crudely bedded, inversely graded and may contain layers of rheomorphic spatter. The degree of explosivity is thought to be controlled by the explosion site geometry, the rate of lava influx and the amount and availability of external water. Tephra deposits within rootless cone fields can cover areas of up to 150 km 2 and may exhibit complex stratigraphic relationships (Fagents and Thordarson 2007; Hamilton et al. 2010a and references therein) . Despite the abundance of rootless cones (e.g. Greeley and Fagents 2001; Lanagan et al. 2001; Fagents et al. 2002; Bruno et al. 2004; Fagents and Thordarson 2007; Hamilton et al. 2010a Hamilton et al. , b, c, 2011 Keszthelyi and Jaeger 2014) , there is little documentation of their constituent pyroclasts and the characteristics of their host lava flows (e.g. Melchior Larsen et al. 2006; Hamilton et al. 2010a, b) . Furthermore, rootless cones are superficially similar to small scoria cones and spatter cones, both in size and componentry (e.g. Fagents and Thordarson 2007) . They may also have a linear spatial arrangement, similar to that of edifices along a dyke (e.g. Hamilton et al. 2010a ). The limited knowledge of the internal stratigraphy of rootless cones coupled with their similarity to other volcanic edifices means that it can be difficult to distinguish rootless tephra from tephra generated during dyke-fed eruptions. This is particularly the case in flood basalt provinces, where pyroclastic successions are usually poorly preserved and poorly exposed (e.g. Swanson et al. 1975; Reidel and Tolan 1992; Brown et al. 2014) .
In this paper, we document a newly discovered rootless cone field within the 8.5 Ma Ice Harbor pāhoehoe lava flow field in the Columbia River Basalt Province (CRBP), USA. Erosional dissection allows us to examine the tephra deposits and conduits of the rootless cones. We use these features to inform on the nature of the explosions that created the rootless cones and to help define criteria that distinguish the deposits of rootless cones from those of dyke-fed eruptions.
Geological setting of the Columbia River Basalt Province
Flood basalt volcanism in the NW USA initiated c. 17 m.y. ago in the Steens Mountain region, Oregon. Over the following~11 m.y., the volume of erupted mafic magma exceeded >210 000 km 3 across Oregon and Washington (now considered part of the CRBP; Camp et al. 2003; Reidel et al. 2013) . Eruptions were fed by~300-km-long dyke swarms from crustal magma chambers under east-central Oregon/westcentral Idaho (Wolff et al. 2008; Ramos et al. 2013) . Volcaniclastic rocks in the CRBP are generally scarce, although exceptionally preserved examples of proximal tephra deposits (Swanson et al. 1975; Reidel and Tolan 1992; Brown et al. 2014) , hyaloclastite deposits (Tolan et al. 2002) , inferred rootless deposits and drowned rootless cones (Keszthelyi and Jaeger 2014) are known.
The rootless cone deposits in this study occur in the 8.5 Ma Ice Harbor Member (Fig. 2) , which is composed of three pāhoehoe lava flow fields that are the youngest products ascribed to the CRBP (McKee et al. 1977; Swanson et al. 1979 ). The lavas have been divided into three chemically distinct types that were fed from a dyke system that was up to 90 km Fig. 1 Generalised structure of a rootless cone. The cones form on active lava flows. The conduits in the host lava flow are irregular funnels that widen upwards. The upper parts of the conduits are filled with tephra. Cooling joints in the host lava flow radiate from the conduit. Coneforming deposits are composed of lapilli-to bomb-sized material that is often reversely graded and formed by fallout. Platform and sheet deposits are formed by fallout and deposition from pyroclastic density currents. Adapted from Hamilton et al. (2010a) in length and on average <15 km in width (Swanson et al. 1975) . The lava flow field has a minimum volume of 1.2 km 3 (Swanson et al. 1975 ) and individual lava flows are typically <15 m thick. The pāhoehoe lavas are interbedded with the Ellensburg Formation sediments: diatomaceous muds, lacustrine sands and silts, volcaniclastic silt, conglomerates and silicic volcanic ash probably sourced from eruptions of volcanoes in the NW, USA. These sediments record deposition both within extensive lava-dammed lakes and by ephemeral and established rivers (Schminke 1967; Smith 1988; Tolan et al. 2002) .
Method
Field studies involved detailed sedimentary logging of tephra successions, lithofacies analysis, geological mapping and sampling. Locations were recorded using a handheld GPS unit with an accuracy of ±5 m. Petrographic characterisation was undertaken by optical microscopy on representative thin sections. Vesicle and clast dimensions and abundances were calculated using the image analysis software ImageJ (http://imagej.nih. gov/ij/) with representative samples and outcrop photographs. The crystal content of the cone deposits was calculated by point-counting representative samples. Clast densities were calculated on clasts >16 mm across using the method of Houghton and Wilson (1989) . Grain size was determined by sieving.
Ice Harbor rootless cone field
The Ice Harbor rootless cone field is composed of: (1) the substrate over which the lava flows were emplaced (silicic Fig. 2 Location of the study area. a The CRBP in the NW USA, adapted from Brown et al. (2014) . b Map of the area showing the Ice Harbor fissure as described by Swanson et al. (1975) and our field area on the banks of the Snake River. c Sites of the tephra and conduit deposits described in this study volcanic ash), (2) the host pāhoehoe lava flows, (3) rootless cone conduits within the lava flows and (4) rootless cone-and platform-forming tephra deposits. The cone field is inferred to have occupied an area of ≥1 km 2 based on the distribution of the conduits and associated tephra. The cone field is overlain by later Ice Harbor lava flows.
Volcanic ash substrate
The pre-eruption substrate beneath the Ice Harbor flow field does not crop out in the study area, and the nature of the substrate has been inferred from analysis of material incorporated into the rootless cone tephra deposits. This material is composed of white, silicic volcanic ash and forms 10-85 vol% of all rootless cone tephra deposits. The volcanic ash is well-sorted (1.2 σΦ) and individual particles are platy, angular or cuspate in shape and occasionally preserve vesicles. The volcanic ash has a median diameter of <0.25 mm. Smaller particles are blade shaped, whilst coarser particles have complex morphologies and exhibit bubble junctures.
Interpretation
The silicic volcanic ash is interpreted as a pyroclastic fall deposit within the Ellensburg Formation (e.g. Schminke 1967 ). The monolithologic character of the volcanic ash and the absence of organic matter or detrital sediment indicate that the volcanic ash had not been substantially reworked and that burial by the Ice Harbor lava may have occurred shortly after fallout. We infer that the volcanic ash fell out onto a flood plain or shallow lake, common features across the plateaulike CRBP during the Miocene (e.g. Schminke 1967; Smith 1988; Tolan et al. 2002) . These environments are conducive to the formation of rootless cones (e.g. Thorarinsson 1951 Thorarinsson , 1953 Fagents and Thordarson 2007; Hamilton et al. 2010a, b) .
Ice Harbor lava flows
The rootless cone field crops out along the banks of the Snake River (Fig. 2) . The flow field is composed of pāhoehoe sheet lobes that reach 8 m thick and exhibit the tripartite structure typical of pāhoehoe sheet lobes in the CRBP (e.g. Self et al. 1998; Thordarson and Self 1998) . They have lower crusts that contain distorted pipe vesicles, massive, dense cores with columnar joints and vesicular upper crusts. The groundmass of the flows is composed of interstitial glass, and plagioclase and pyroxene microlites. Pyroxene and rare swallow-tail plagioclase phenocrysts and glomerocrysts 0.1−3 mm in diameter constitute 1-4 vol% of the rock. Vesicles are partially filled with zeolite minerals. The Ice Harbor sheet lobes that contain the rootless cones have poorly vesicular cores and incipiently vesicular crusts (as defined by Houghton and Wilson 1989) that exhibit hackly, entablature-style joints spaced 11-21 cm apart.
Interpretation
We infer that inflation of the flows took several weeks based on a lava upper crust thickness of ≥2 m and the relationship: t=164.8C 2 , where t is time in hours and C is crustal thickness in metres (see Hon et al. 1994) . The presence of entablaturestyle jointing in the lava indicates that the flows were subjected to water-enhanced cooling, implying emplacement in an environment where surface water was abundant (e.g. Long and Wood 1986) . The swallow tail plagioclase microlites indicate that the lava cooled rapidly; this texture is also found in pillow lavas (e.g. Bryan 1972; Jafri and Charan 1992) .
Rootless cone conduits
Cliffs along the Snake River reveal funnel-shaped, upwardflaring features in the Ice Harbor sheet lobes ( . Their walls dip inwards~60°. All the funnels appear to terminate ≥0.5 m above the bases of the sheet lobes and sometimes form irregular, isolated cavities; these are likely 2D section effects (Fig. 3) . Hackly cooling joints spaced~16 cm apart radiate away from the funnel walls and extend up to~4 m into the surrounding lava core (Fig. 3) .
The inner surfaces of the funnels are coated with ropeytextured and bread-crusted spatter that is ≤6 cm thick. The spatter has a hypohyaline groundmass texture, contains sheared vesicles and has multiple chilled rinds. The surface of the spatter has angular, hypocrystalline and hypohyaline clasts of upper lava crust embedded in it. These clasts cover 10-30 % of each funnel wall. There is a patchy, heterogeneous distribution of silicic volcanic ash across the surfaces, typically <5 %. These funnels are often partially filled with tephra with a similar composition to the overlying cone deposits (massive spatter bombs, mSp; see in the next sections).
Twelve of these features have been recognised along a 450 m transect ( Fig. 2) , five on the north bank of the river and seven on the south. The features are spaced 3-206 m apart with tephra deposits exposed above them. Exposures spaced less than 5 m apart may represent irregular sections through the same feature.
Interpretation
We interpret these funnel-shaped features as remnants of rootless conduits because they have spatter, angular lapilli and patches of silicic ash plastered onto their inner wall which can only have occurred via explosive interactions. They are also filled with lapilli-to bomb-sized tephra. These features distinguish them from features described within rubbly pāhoehoe flows (e.g. Duraiswami et al. 2008; Keszthelyi et al. 2009 ). Sheared vesicles and rope-like textures on the conduit wall result from rheomorphic flow of spatter. The funnel shape of the conduits and their radiating cooling joints are similar to features seen in rootless cones in Iceland (e.g. Hamilton et al. 2010a ).
Based on the abundance of conduits and the possibility that some locations represent irregular cross-sections through the same conduit (e.g. L16/17; L1/2/6; L12/13), we suggest that the flow field hosted at least eight rootless cones. Since the size of the conduits is proportional to the size of the overlying cone (e.g. Hamilton et al. 2010a), the cones were likely to have been ≥5 m in basal diameter.
Rootless cone tephra deposits
Proximal rootless platform and cone-forming deposits are widely exposed over a 450 m-long transect along the south bank of the Snake River and are intermittently exposed along the north bank of the river (Fig. 2) . The tephra deposits are composed of juvenile pyroclasts (described below), silicic volcanic ash and fragmented lava crust.
Juvenile pyroclast types
The tephra deposits contain four different pyroclast types derived from the fragmentation and modification of the host lava flow ( Fig. 4 ; Table 1 ). These juvenile clasts are (1) sideromelane ash and lapilli of both blocky and fluidal morphologies, (2) hypocrystalline bombs (with both ventricular and globular morphologies) and angular lapilli, (3) armoured scoria bombs and lapilli and (4) spatter bombs. All clasts have hypohyaline to hypocrystalline groundmasses and are mineralogically similar to the host lava. The pyroclasts are incipiently to poorly vesicular, ranging between 15 and 36 % vesicles, and are non to incipiently welded. The density of pyroclasts ranges from 1700 to 2300 kg m . The pyroclast types and their occurrence are summarised in Table 1 .
Interpretation The density of the Ice Harbor rootless tephra is significantly higher than that of non-welded basaltic pyroclasts produced during dyke-fed eruptions (typically 240-1440 kg m −3 ; Houghton and Wilson 1989; Parcheta et al. 2013 ). This suggests that the pyroclasts were sourced from lava that had already degassed at the source fissure and during transport to the rootless cone site. The ventricular and globular bombs are atypical of the deposits of fissure eruptions (e.g. Valentine and Gregg 2008); they are interpreted as water-quenched globules of lava ejected from beneath the lava flow during explosive activity. These bombs were subsequently mechanically fragmented into angular lapilli upon eruption and deposition enhanced by cooling contraction fractures. The spatter bombs are interpreted as proximal deposits from rootless lava fountains (e.g. as observed during the 1783-1785 Laki eruptions; see . Recycling by intermittent fountains appears necessary to form the armoured bombs. The blocky sideromelane clasts indicate cooling contraction granulation and/or mechanical fragmentation. The fluidal, elongate sideromelane clasts indicate ductile disruption of molten lava and are common components of deposits from magmatic volatile driven eruptions (e.g. Walker and Croasdale 1971) , phreatomagmatism (e.g. Zimanowski et al. 1997; Morrissey et al. 2000; Büttner et al. 2002) and peperite (see 'Pyroclastic lithofacies' section; Skilling et al. 2002) .
Pyroclastic lithofacies
The tephra deposits can be sub-divided into four lithofacies according to their componentry, grain size and depositional structures ( Fig. 5 ; Table 2 ). In general, the pyroclastic lithofacies appear moderately to very poorly sorted and are composed of juvenile clasts with <10-85 vol% silicic volcanic ash. Lithofacies with the largest juvenile clasts tend to have the least silicic volcanic ash (Fig. 6) . The lithofacies form proximal platform, cone or conduit-filling deposits. Sheet deposits are not found; these are commonly unconsolidated (Hamilton et al. 2010a) . Contacts between the tephra deposits and underlying lavas are not exposed (Fig. 6 ). Platform deposits include massive or normally graded lapilli-ash (m/nLAf), lenses of lapilli-ash (lensLA) and cross-stratified lapilli-ash (xsLA; Table 2; Fig. 5 ). These deposits are 1-5.5 m in thickness (Fig. 7) and are present beneath the parallel-bedded spatter (//bSp; Figs. 6 and 7). Pyroclasts within the deposits are dominantly of lapilli size. They are exposed over a~600 m-long transect. Bedding dips vary from 10 to 20°.
Cone deposits are composed of parallel-bedded spatter (// bSp; Table 2 ) that is 1-3 m thick (Fig. 6 ) and contains predominantly bomb-sized clasts. Deposits are exposed over ã 200 m-long transect. The spatter varies from horizontally bedded to dipping up to 20°, whether this is towards or away from a conduit is unclear (Figs. 6 and 7) .
The conduits are partially filled with massive spatter (mSp; Table 2 ) and are not observed in contact with overlying cone and/or platform deposits.
Interpretation
The Ice Harbor platform deposits are inferred to have been deposited from both PDCs and by fallout (e.g. Hamilton et al. 2010a ). The occurrence of massive/normally graded lapilli-ash (m/nLAf), lenses of lapilli-ash (lensLA) and cross-stratified lapilli-ash (xsLA) beneath the spatter-rich deposits (e.g. //bSp) suggests that the platform was constructed prior to cone formation. Intermittent deposits of normally graded lapilli ash (nLA) and cross-stratified lapilli-ash (xsLA; Fig. 6 ) overlying the spatter layers suggest that the cone field is composed of numerous overlapping cones formed in a sequence of rootless eruptions (e.g. Fagents and Thordarson 2007) . The thickness and spatial distribution of the exposures suggest that the tephra platforms were~5 m thick and were likely to be laterally extensive over 100s of metres. Cone-forming and conduit-filling deposits of rootless cones commonly contain spatter-rich lithofacies (Hamilton et al. 2010a) , as observed in this study. These coarse-grained deposits are produced as the explosivity of the eruptions decreases (Fagents and Thordarson 2007) . Fig. 4 Clast types recognised in this study. a Folded spatter bomb with embedded lapilli (dashed outline). Graticules on the scale card are 1 cm (UTM Nad83 zone 11T, 359 942 E/5 126 519N). b Ventricular clast (outlined). The clast has an amoeboid shape with a hypohyaline rind approx. 10 mm thick that grades inwards into the core. Vesicles up to 8 cm in diameter (dashed outline) have angular shapes and give clasts their characteristic ventricular morphology (UTM Nad83 zone 11T, 359 942 E/5 126 519N). c Globular bomb (outlined). The bombs have a subspherical shape and a black hypohyaline rind~1 cm thick that becomes more orange in colour towards the core. Sub angular, dull black coloured basaltic lapilli (arrowed) are contained within the cores of the bombs. Cooling joints (dashed lines) penetrate from the clast margin up to 10 mm towards the core (UTM Nad83 zone 11T, 359 942 E/5 126 519N). d Armoured bomb (solid outline) with 1 cm-thick dense rind and vesicular core (dashed outline) (UTM Nad83 zone 11T, 360 015 E/5 126 664N). e Sideromelane clast (arrowed) formed by fragmentation in a brittle state (arrowed). f Sideromelane clast (arrowed) formed by ductile disruption of molten lava
Lava-silicic volcanic ash interaction textures in tephra deposits
A variety of peperite-like textures are observed in the tephra deposits (Fig. 8) . Fluidal textures include spatter bombs that inter-finger with the silicic volcanic ash and associated globular and elongate spatter lapilli and ash found intimately mixed with the silicic volcanic ash. Within 2 cm of the spatter, the silicic volcanic ash is often thermally altered, becoming dark in colour and fused (e.g. Schminke 1967 ). Where fused, the silicic volcanic ash contains vesicles ≤2 mm in diameter. Vesicles in the spatter also contain silicic ash. Blocky textures include jigsaw-fit bombs; these clasts have hairline fractures filled with silicic volcanic ash. Other bombs have rinds that are partially separated from their core, encapsulating a 2 mm-thick domain of silicic volcanic ash between rind and core. These domains contain mm-scale globules of lava. 
Interpretation
Peperite-like textures indicate interaction between hot juvenile clasts and unconsolidated sediment (e.g. Skilling et al. 2002) . Vesicles in the fused silicic volcanic ash indicate that gas was generated during interaction (e.g. Kokelaar 1982; Skilling et al. 2002; Squire and McPhie 2002) . Silicic ash-filled vesicles in the spatter indicate that the sediment was mobilised during interaction (e.g. Goto and McPhie 1996: Skilling et al. 2002 and references there-in) . The fluidal and blocky textures indicate variations in mechanical stress, movement of lava, lava-silicic ash density contrasts and variations in lava viscosity and clast size (e.g. Skilling et al. 2002; Squire and McPhie 2002) . These textures may represent a failed phreatomagmatic fragmentation process formed beneath the lava flow (e.g. Busby-Spera and White 1987; Hooten and Ort 2002) . The bombs with encapsulated silicic volcanic ash are interpreted as intrusions of lava into the underlying substrate. Lava globules in the silicic volcanic ash domain indicate that the cores of these bombs were molten during intrusion.
Emplacement of the Ice Harbor rootless cones
We infer that the Ice Harbor lava flows traversed a lacustrine or floodplain environment (Fig. 9) . The ground was mantled by a layer of silicic volcanic ash fall derived from a major explosive eruption. As the lava flows inflated they developed brittle basal crusts (Hon et al. 1994) . These crusts were weakened by the development of cooling fractures ) which created a zone of weakness along the base of the flows. Cracking and subsequent failure of the crust would have been facilitated by heterogeneous subsidence of the flows during inflation (e.g. Fagents and Thordarson 2007; Hamilton et al. 2010a ). Failure of the basal crust allowed extrusion of lava, analogous to the axial cleft of a tumulus (e.g. Walker 1991; Rossi and Gudmundsson 1996; Hamilton et al. 2010a ). Extrusion of lava through the basal crust resulted in the intimate mixing of molten lava with the water-saturated silicic volcanic ash. This mixing of the lava and sediment is evidenced by the peperite-like textures and abundance of silicic volcanic ash (i.e. substrate) in the tephra deposits. Lavasubstrate mixing was followed by explosions. These fragmented the lower lava crust and burst through the molten lava core creating transient conduits. The preservation of conduits requires the cooling and solidification of the conduit walls over time to prevent pressure-driven collapse of the walls between explosions. The presence of spatter lining the walls of the conduits indicates that they were stabilised from both material ejected during the explosions, as well as from the chilling of the molten lava core. Explosive activity deposited the massive/normally graded lapilli-ash (lithofacies m/nLA (f)) on top of the lava flow. Some of the pyroclastic material formed PDCs (depositing lithofacies lensLA and xsLA; Table 2 ). These processes constructed the tephra platforms.
Spatter-rich lithofacies (e.g. //bSp and mSp; Table 2 ) were produced during rootless lava fountaining and cap the rootless cone successions and fill some conduits. The coarse clast size of these lithofacies indicates decreasing explosivity as water availability declined. Explosions also embedded juvenile clasts and lava crust lithics into the hot and ductile conduit walls.
The presence of the cones on top of sheet lobes suggests that the cones developed repelled, non-aligned spatial distributions (e.g. Hamilton et al. 2010a, b) . The cones were likely to have formed in topographic lows where lava and water were most abundant and in regions of enhanced substrate compressibility (Hamilton et al. 2010a, b) . Exposures do not Graticules are 1 cm (UTM Nad83 zone 11T, 360 014 E/5 126 649N). Thin section c and interpretive sketch d show section of mingled spatter and silicic volcanic ash. The spatter clasts exhibit elongate and globular morphologies. The silicic ash is thermally altered and contains vesicles. Vesicles within the spatter clasts enclose silicic volcanic ash. Section of a ventricular bomb e and interpretive sketch f are also shown. The hypohyaline rind is spalling from the core and has encapsulated a domain of silicic volcanic ash. Fluidal basalt clasts are found within the silicic ash domain (arrowed) indicating that the core of the bomb was molten when the sediment was encapsulated allow determination of the symmetry of the cones (e.g. radial or elongate). Growth of the cones was terminated by the decreasing availability of ground water or by water being prevented from gaining access to the explosion site. Continued cooling stabilised the conduit walls and over time cooling joints radiated out into the core (e.g. Fig. 9 ).
Comparison with other rootless cones
The deposits in this study are comparable with the platform and cone-building deposits of rootless cones in Iceland (e.g. Table 3 ; Fig. 10 ), which show a similar pattern of sedimentrich PDC deposits overlain by coarse-grained fall deposits. c Interaction between molten lava and water saturated silicic volcanic ash results in explosive brecciation of the host lava flow and fragmentation of the globular and ventricular juveniles into lapilli and ash sized clasts. Episodic eruptions and dilute PDC's deposit poorly sorted juveniles and clasts sourced from the host lava flow, forming sheet and platform deposits (lithofacies m/nLA(f), lensLA, xsLA). Minor clast recycling may occur, producing armoured bombs. Substrate pore water is gradually depleted beneath the lava flow. d Decreasing water availability results in less efficient fragmentation and lava fountains are generated. These fountains produce lithofacies //bSp that builds a cone. Lapilli are also impacted into the cooling conduit walls. e With time water availability decreases and eruptions cease. The lava flow may continue to inflate and deform the conduit. Post-eruption cooling of the lava promotes the formation of cooling joints that radiate from the conduit Table 3 Comparison of rootless and littoral cone structures using data from Simpson and McPhie (2001) , Mattox and Mangan (1997) , Moore and Ault (1965) , Fisher (1968) , Hamilton et al. (2010a) , Melchior Larsen et al. (2006) , Jurado-Chichay et al. (1996) These PDC and fall deposits are composed of scoria lapilli and bombs, spatter bombs and clastogenic lava, all intimately mixed with silt-to cobble-sized sediment. The coarse grain size of the platform deposits in this study relative to others described in Iceland (Hamilton et al. 2010a ) may result from the proximity of the Ice Harbor tephra platforms to the explosion source or from less efficient magma-water interaction. The substrate properties (e.g. grain size distribution and thermal conductivity) may also have affected explosivity (e.g. Sohn 1996; White 1996) . Furthermore, the properties of the substrate would have evolved during the eruptions due to mixing of pyroclasts and silicic volcanic ash beneath the lava flow. However, the role of sediment properties in governing the explosivity of rootless eruptions is as-yet unknown.
Conclusions
The Ice Harbor tephra deposits provide insights into the construction and componentry of a rootless cone field. Cross- Fig. 10 Photographs of Leitin and Búrfell rootless cones in southern Iceland (UTM Nad83, zone 27, 500 000 E/7 097 014N; 402 187 E/7 098 548N respectively). a Overlapping cone stratigraphies composed of crudely bedded spatter and scoria bombs and lapilli and clastogenic lava. The sequence is~6 m thick. b Bomb-sized clast of sediment (outlined) within a sequence of scoria and spatter. The ruler is 40 cm long. c Sediment-rich pyroclastic density current deposit at the base of the cone forming stratigraphy. The reddish colour is given by the agglutinated sediment (inferred to be a lacustrine siltstone), not oxidation of the pyroclasts. The scale card is 120 mm long. d Bomb-sized, ventricular-type pyroclast (outlined) within the bedded spatter and scoria. The ruler is~25 cm long. e Initial cone-forming fall deposit composed of scoria lapilli. Beds often form inversely graded couplets. The bed indicated is 6 cm thick. Beds thickness and clast size increases up-section. f Cross-section of the conduit wall, with lapilli-sized pyroclasts agglutinated to the outer wall. Cooling joints (dashed lines) radiate from the contact and are perpendicular to the conduit contact. The arrow points towards the core of the lava flow. The ruler is 30 cm long. g A lava flow affected by rootless cone formation. The lava flow can be divided into a colonnade (CN) and an entablature (EN) and has an irregular upper contact that forms the rootless conduit. The lava is~10 m thick sections of conduits suggest that ≥8 cones were present in a cone field ≥1 km 2 in area. Cone-and platform-forming deposits are composed of admixed juvenile clasts, clasts from the host lava flow and silicic volcanic ash from an earlier, major explosive eruption in the NW USA. Construction of the cone field occurred through a combination of deposition from PDCs and lava fountaining. Explosivity decreased with time as a result of decreasing water availability in the underlying silicic volcanic ash. This study demonstrates that the abundance of sediment (in this case, silicic volcanic ash) in the tephra, juvenile clast morphology and clast density are useful criteria for distinguishing between rootless tephra and tephra produced above an erupting dyke.
